Abstract-Traffic information is an important tool in the planning, maintenance, and control of any modern transport system. Of special interest to traffic engineers are parameters of traffic flow such as volume, speed, type of vehicles, queue parameters, traffic movements at junctions, etc. Various algorithms, mainly based on background differencing techniques, have been applied for this purpose. Since background-based algorithms are very sensitive to ambient lighting conditions, they have not yielded the expected results. In this paper, we describe a novel approach to measure traffic parameters. This approach is based on applying edge-detection techniques to the key regions or windows. This method of measuring road traffic parameters eliminates the need of a background frame, which is an essential, but unreliable technique for background-based image-detection methods. A dynamic threshold selection technique has also been introduced to select the threshold value automatically. The image processing algorithm has been applied to measure basic traffic parameters such as traffic volume, type of vehicles, as well as the complex traffic parameters such as queue parameters and movements of vehicles at traffic junctions.
I. INTRODUCTION

S
EVERAL researchers have investigated the application of image processing techniques to automatic road traffic data collection and analysis [1] - [6] . Early attempts date back to 1973 at the University of Tokyo, where they built a system to estimate vehicle speeds [9] . Since then, many research efforts have been reported in the literature [13] , [15] .
A major problem associated with a real-time vision-based application such as traffic data collection is the requirement for high computational power [14] . In traffic applications, variation of ambient lighting, shadows, occlusion, and lanechanging movement of vehicles further complicates the task. Despite these difficulties, a vision-based traffic data collection system has several advantages over the conventional pointbased alternatives such as magnetic loops. Vision can give time-variant and spatial information about a scene and can be recorded easily for further analysis. Ease of installation on a present road, flexibility, and maintenance issues are among other advantages, which encourage researchers to concentrate on this field. A review in literature indicates that a variety of algorithms have been developed for traffic data collection and monitoring. In the United States, the wide-area detection system (WADS) was developed based on background differencing and an exponential background updating method [4] . The WADS system is capable of measuring traffic volume and speed of vehicles. In England, the traffic research using image processing (TRIP) group developed a pipeline-based system for off-line measurement of vehicle counts and speed, using a full frame and background differencing approach [1] , [2] . An upgrade version of TRIP system based on an 80 386 computer was developed by Dickinson and Wan [8] . This system seems to have a better performance than the earlier version. Another group in England developed the traffic analysis using a lowcost image processing (TULIP) system, which is capable of measuring different traffic parameters [7] . This system uses two methods for vehicle detection within a user-defined window. The first method applies a threshold at the road gray level and a predefined value. The second method involves using multiple thresholds to highlight much of the vehicle including dark shadows just underneath the leading edge of the vehicles.
In Belgium, a system called computer-aided traffic sensor (CATS) was developed. This system also uses backgrounddifferencing technique and processes a very small subset of a lane, about 20 pixels. The system is capable of counting vehicles and measuring the speed and length of vehicle [4] .
In Japan, few systems have been developed including image data scanner and controller (IDSC) to detect vehicles [9] , [10] . In this method, the pixels of the current frame are subtracted from sample points (background), and the difference is compared with a threshold to detect objects. An exponential technique is used to periodically update the sample points.
To achieve real-time processing, vision-based traffic parameter extraction techniques reported above are based on processing key regions of the scene. The vehicles are detected in a user-defined window by applying a backgrounddifferencing technique. Since background-based algorithms are very sensitive to ambient lighting conditions, they have not yielded the expected results. The method proposed in 0018-9545/98$10.00 © 1998 IEEE this paper is based on applying edge-detection techniques to windows placed by the user at the key regions across the lanes. In this approach, no background image is required, thus, the problem of updating the background image is eliminated.
Edge-based vehicle detection is also more effective than background differencing techniques, as the edge information still remains significant despite the variation of ambient lighting. The analysis of traffic images has proved that various surfaces and different parts and colors of a vehicle create significant edges, which can be detected when it is passing through a window [13] . Even the cars, which have the same color as the surface of the road, reflect more light and can be detected in this way. We have applied the proposed image processing algorithms to measure the basic and complex traffic parameters in real time, under various weather and lighting conditions. The results show that the proposed algorithms can be used in real-world real-time road traffic applications.
II. EDGE-DETECTION TECHNIQUES
Many edge-detection algorithms based on gradient operators or statistical approaches have been developed. The gradient operators are usually sensitive to noise and are used with filtering operators to reduce the effect of noise [3] , [12] . A statistical approach is unable to detect thin edges, which are very likely to occur at a window of an image. The morphological-based edge detectors have proved to be more effective than conventional gradient-based techniques.
Some commonly used morphological edge-detection algorithms are blur-min, top-hat, and open-close operators. These operators have better performance than gradient and facet edge operators. The authors have developed a new morphological edge-detection operator separable morphological edge detector (SMED) which has a lower computational requirement while having comparable performance to other morphological operators [3] . The reasons for adopting SMED operator in our application are as follows.
1) SMED can detect edges at different angles, while other morphological operators are unable to detect all kinds of edges [3] . 2) The strength of the edges detected by SMED is twice than other edge detectors. Blur-min is unable to detect thin lines and corners, and the strength of the edges detected is weak [12] . 3) SMED uses separable median filtering to remove noise.
Median filtering has proven to preserve edges while removing noise. Separable median filtering has shown to have comparable performance to the true median filtering, but requires less computational power. In brief, SMED, which uses compatible and easily implementable operators, has a lower computational requirement, compared to the other morphological edge-detection operators [3] . Open-close has better performance than SMED operator does, but it has about eight times more computational power requirement, therefore, it is not suitable for real-time applications.
In order to apply edge-based techniques to a window, several steps have been taken to achieve real time and accurate measurement of traffic parameters. These steps are as follows.
1) The length of the windows used for counting vehicles should be wide enough to allow most edges of a car passing along a lane to be detected. In practice it should nearly be equal to the width of the lane. 2) The width of the window should be more than three lines of the image to compensate the effect of noise and to ensure creating edges by passing vehicles. 3) A dynamic threshold selection algorithm is used to compensate edges produced by the road surface or the background.
III. VEHICLE-DETECTION ALGORITHM
As shown in Fig. 1 , to detect vehicles, windows with suitable sizes are placed across each lane of the road. In this vehicle-detection approach, the SMED edge detector is applied to each window, and the histogram of each window is processed by selecting the dynamic left-limit value and a threshold value to detect vehicles.
The left-limit selection program selects a gray value from the histogram of the window. When the window contains an object, the left limit of the histogram shifts toward the maximum gray value, otherwise, it shifts toward the origin. For each 100-frame sequence, the left limit for each window is the minimum of the left limits of the previous sequence. In this approach, the minimum gray values of those windows, which contain no object, is selected as a left limit. In case of queue detection, when all 100 frames detect a vehicle, the left limit is not changed.
For threshold selection, the number of edge points greater than the left-limit gray value of each window is extracted for a large number of frames (200 frames). These numbers are used to create the histogram. This histogram is smoothed by using a median filter, and we expect to get two pecks in the resultant diagram-one peck related to the frames with vehicles and the other related to the frames without vehicles for that window. However, as it is can be seen in Fig. 2 , there are other numbers of edge points (30-40) between the pecks 20 and 60, which are related to those vehicles which partially pass the window. We use statistical approach based on selecting a point on the horizontal axis of Fig. 2 , where the sum of the entropy of the points above and below this point is maximum. This point is selected as the threshold value for the next period.
IV. MEASURING QUANTITATIVE TRAFFIC PARAMETERS
The vehicle-detection operation discussed above is used to measure basic traffic parameters. To count the number of vehicles passing a window, a status vector is created for the window. In this manner, for each frame, if a vehicle is detected in the window, a "one" is stored at the status vector of the window; otherwise, a "zero" is stored at the status vector of the window. The group of ones corresponds to a vehicle, and a group of zeros corresponds to the distance between two vehicles. A one alone could be considered as a motorcycle or a fast moving car.
The size of two parallel windows is computed automatically. The operator specifies four corners of the road and and the coordinates of the two windows on the road The slope of each line, which determines the left and right areas of the road, is computed as follows:
To compute the length of window (i), and are used. The width of a window is computed as (3) where is the length of the window and is the velocity factor of the road, which is an integer number between one and three. For highways, this number is three, and for roads it is one.
To measure the speed, the time between the passage of a vehicle at two separate parallel windows is detected. The distance between the windows is fixed. Therefore, after computing the status vector for windows, the information about the number of frames it takes for the passage of each vehicle between the two windows and at each window is recorded. This information is used to compute the speed and length of vehicles as shown in (4) and (5) . The length of vehicle is used to categorize the vehicles into small, medium, and large groups speed (Km/s)
where physical distance between the two windows; frame rate; number of frames taken for the passage between two windows; number of frames taken to detect vehicle in the first window; number of frames taken to detect vehicles in the second window.
V. MEASURING QUALITATIVE TRAFFIC PARAMETERS
The real-time measurement of traffic queue parameters and the traffic movements at junctions (TMJ's) is required in many traffic situations, such as accident detection, congestion monitoring, and adjusting the traffic lights. So far, most image processing techniques have been targeted for quantitative analysis to measure simple traffic parameters such as speed, vehicle count, etc. The qualitative analysis, which is about the description of the traffic scene, is still at its early stage. The vehicle-detection technique described earlier is used both for quantitative and qualitative analysis.
A. The Queue Parameters
The algorithm used to detect and measure queue parameters consists of two operations-one involving motion detection and the other vehicle detection. These operations are applied to a profile consisting of small subprofiles with variable sizes to detect the size of the queue. The size of the subprofiles varies according to the distance from the camera. As the microcomputer systems operate sequentially, a motion-detection operation is first applied, and then if the algorithm detects no motion, the vehicle-detection operation is used to decide whether there is a queue or not. The reason for applying motion-detection operation first is that the traffic scenes we analyzed for queue detection are expected to contain vehicles, and in this case vehicle detection mostly gives the positive result, while in reality there may not be any queue at all. Therefore, by applying this scheme, the computation time is further reduced [11] .
1) Motion-Detection Operation:
The method for motion detection used is based on differencing two consecutive frames and applying noise removal operators. To reduce the amount of data and to eliminate the effects of minor motions of the camera, the key regions of two frames, each having at least three-pixels width, are selected along the image of the road. In this method, a median filtering operation is first applied to the key region (profile) of each frame, and a one-pixel wide profile is extracted. Then, the difference of two profiles is compared to a threshold value to detect the motion. When there is a motion, the difference of the profiles will be larger than the case when there is no motion. The process of motion detection is shown in Fig. 3 .
The size of the profile for queue detection is an important factor as there might be motion in some part of it, while there may not be motion in the other parts. Therefore, the profile along the road is divided into a number of smaller profiles (subprofile) with variable sizes. Our experiments show that the length of subprofile should be about the length of the vehicle in order to assure that the operation of both vehicleand motion-detection algorithms work accurately.
2) Vehicle-Detection Operation: The vehicle-detection algorithm is only applied when the motion-detection algorithm described earlier detects no motion. The vehicle-detection operation discussed in Section III is applied on the profile of the unprocessed image. To implement the algorithm in real time, it was decided that the vehicle-detection operation should only be used in a subprofile, where we expect the queue will be extended (tail of the queue). This procedure is shown in Fig. 4 . 
B. Traffic Movements at Junctions
Measuring traffic movements of vehicles at junctions such as number of vehicles turning in a different direction (left, right, straight) is very important for the analysis of crosssection traffic conditions and adjusting traffic lights. Previous research work for the TMJ parameter is based on a full-frame approach, which requires more computing power and, thus, is not suitable for real-time applications. We use a method based on counting vehicles at the key regions of the junctions by using the vehicle-detection method described in Section III.
The first step to measure the TMJ parameters using the key region method is to cover the boundary of the junction by a polygon in such a way that all the entry and exit paths of the junction cross the polygon. However, the polygon should not cover the pedestrian marked lines. This step is shown in Fig. 5 . The second step of the algorithm is to define a minimum numbers of key regions inside the boundary of the polygon, covering the junction. These key regions are used for detecting vehicles entering and exiting the junction, based on firstvehicle-in first-vehicle-out logic.
Following the application of the vehicle detection (described in Section III) on each window, a status vector is created for each window in each frame. If a vehicle is detected in a window, a "one" is inserted on its corresponding status vector, otherwise, a "zero" is inserted. Now by analyzing the status vector of each window, the TMJ parameters are calculated for each path of the junction. Since this process is also used for counting number of vehicles, it does not increase the computation power requirement.
VI. THE OVERALL SYSTEM CONFIGURATION
The block diagram and a flow chart of the software for the whole system are shown in Fig. 6(a) and (b) , respectively. We use a camera system installed over or above a road, which provides the raw traffic data, and then analyze this data to extract the necessary traffic information in real time. The results of various traffic parameters can be sent to the printer, monitor, or traffic control centers. The timings of the traffic lights can also be automatically adjusted by using the information of the queue and TMJ parameters. The visionbased system calculates the following traffic parameters in real time:
1) vehicle detection; 2) traffic volume; 3) type of vehicles (e.g., small, medium, large); 4) queue detection at junctions (after every 10 s); 5) length of the queue; 6) occurrence of the queue; 7) slope of occurrence of the queue; 8) TMJ parameters.
A. The System Requirements
The following are the major components required for the proposed vision-based system. 1) A Pentium-based microcomputer system with 32M Byte of RAM and over 250M Byte hard disk. 2) A DT 3153 PCI frame grabber (other frame grabber can also be used). 3) A black/white CCD camera (other cameras can also be used).
VII. RESULTS
The algorithms discussed above were tested under various traffic and lighting conditions on a Pentium-based personal computer system operating at a clock rate of 166 MHz together with a DT3153PCI (Data Translation) frame grabber. The software package is implemented using Borland's object-oriented C programming language in the Microsoft's Windows 95 environment. Standard graphical user interface (GUI) elements such as drop-down menu, toolbar, dialog boxes, etc., are utilized to provide a user-friendly program.
The results of testing show that the vehicle-detection algorithm can detect vehicles passing through windows nearly free of errors, and if the vehicles move in their own lane, the counting program also counts vehicles with about 100% accuracy. However, drivers sometimes do not move in their own lanes, therefore, up to 5% errors are produced. This is mainly due to the behavior of drivers where they change lanes very frequently and other factors such as occlusion. The results of vehicle counting under various weather conditions are shown in Fig. 7 . The vehicle classification program classifies vehicles into small, medium, and large according to their length (Fig. 8) .
The main queue parameters we were interested to extract are the length of the queue, the period of the occurrence of the queue, and the slope of the occurrence of the queue behind the traffic lights. To measure these parameters on a desired road, the program works in such a way that after each 10 s, the presence of the queue and its length are reported. A traffic scene with queue conditions and showing the positions of key regions is shown in Fig. 9 . The results of the measurement of the queue parameters are shown in Fig. 10 . As it can be seen, the queue is slowly building up behind the traffic light (for example, from time 10 to 100). Fig. 11 shows the results of the TMJ parameters. As it can be seen, there are up to 8% errors in measuring the TMJ parameters compared with the manual measurement. These errors are mainly due the fact that the vehicles at junction some time do not move in their own paths and directions.
VIII. CONCLUSION
A novel vehicle-detection technique based on edge detection and key region processing has been introduced in this paper. The information extracted by the vehicle-detection algorithm was used for measuring other traffic parameters such as volume, queue, and TMJ parameters. The algorithm was implemented on a Pentium-based microcomputer system. The system is operational and works in real time. The results obtained demonstrate that there are errors in both qualitative and quantitative road traffic data analysis. We believe that these errors are mainly due to the behavior of drivers, where they change the lanes frequently. We tried to cater for this sort of behavior of the drivers by putting extra windows between the lanes, but this required more computational power and, thus, was not implemented on our present system.
The low-cost vision-based system such as described above can play an important role in monitoring, controlling, and managing the whole traffic system and has the potential to be used for applications such as electronic road pricing, car park management system, detecting stolen vehicles, etc.
